Introduction
[2] In this paper we analyze the low latitude ionosphericgeomagnetic signature of the solar event of April 2010. This event was previously studied by Möstl et al. [2010] who described in detail the shock associated with the coronal mass ejection of 3 April 2010 and by Connors et al. [2011] who analyzed the magnetic flux transfer event associated to the impact of the shock on the magnetosphere on 5 April 2010 at 08:25 UT. We will focus our attention on the low latitude ionospheric and geomagnetic disturbance observed at the crest of ionization of the northern hemisphere in Africa. We analyzed the signature of the high speed solar wind stream flowing from the coronal hole which follows the CME.
[3] During storms, at low latitudes, the ionospheric disturbances and their associated magnetic disturbances are mainly due to the intensification of the auroral electrojets. The auroral currents affect the ionospheric electric fields and currents and the thermospheric circulation on a global scale. Two main physical processes are well known: the prompt penetration of the magnetospheric convection electric field [Vasyliunas, 1970] and the Ionospheric disturbance dynamo [Blanc and Richmond, 1980] .
[4] The prompt penetration of magnetospheric convection affects simultaneously high and low latitudes and was interpreted by Nishida et al. [1966] as the transmission of the magnetospheric convection electric field from high to low latitudes. The magnetic disturbance associated to this physical process was named DP 2 by Nishida [1968] . Many experimental and theoretical studies of the prompt penetration of magnetospheric convection were made during the last decades [Vasyliunas, 1970; Senior and Blanc, 1984; Mazaudier, 1985; Spiro et al., 1988; Kikuchi et al.,1996; Kobéa et al., 1998 Kobéa et al., , 2000 Peymirat et al. 2000; Mene et al., 2011] .
[5] The auroral electrojets currents also transfer thermal energy to the neutral gas via Joule heating and impulses through the ion-neutral momentum transfer. This process sets up gravity waves and equatorward thermospheric winds (Hadley cell between the poles and the equator) at F region altitudes [Testud and Vasseur, 1969; Richmond and Matshushita, 1975; Richmond and Roble, 1979] . These winds extend from auroral zone to mid and low latitudes with a small return flow at the E region altitudes around the equator (below about 120 km altitude). Blanc and Richmond [1980] proposed the physical process of the ionospheric disturbance dynamo delayed after the storm. Le Amory-Mazaudier [2005, 2008] isolated the magnetic disturbance due to this physical process and named it Ddyn. During the last decades many experimental and theoretical studies illustrated the characteristics of to the ionospheric disturbance dynamo process [Fejer et al., 1983; Sastri, 1988; Abdu et al., 1997; Fambitakoye et al., 1990; Mazaudier and Venkateswaran, 1990; Fejer and Scherliess, 1995; Richmond et al., 2003; Zaka et al., 2009 Zaka et al., , 2010a Zaka et al., , 2010b . The storm winds also lift the ionization to regions of lower loss, producing daytime increases in hmF2, in foF2, and in total electron content (TEC) and global changes in the atmospheric composition [Jones, 1971; Jones and Rishbeth, 1971; Volland, 1979] .
[6] In this paper we analyze the low latitude ionosphericmagnetic disturbance associated with a solar coronal hole. Section 2 describes the data sample and the data processing. Section 3 presents the data analysis and data interpretation. Section 4 is devoted to the discussion and the conclusion. This work is developed in the framework of the International Space Weather Initiative project (www. iswi-secretariat.org).
Data Sets and Data Processing
[7] During the strong geomagnetic storm of 5 April 2010 at the beginning of sunspot solar cycle 24, a coronal hole was observed by SOHO Extreme UV Telescope after the CME of 3 April 2010 which reached the Earth on 5 April 2010. We analyze the whole period from 3 to 10 April 2010 which included a magnetic quiet period before and after the storm.
Data Sets
[8] To study the ionospheric-magnetic signature of this event we used the following primary parameters:
[9] 1. Satellite data from SOHO to determine the existence of coronal hole (http://spaceweather.com/images2010/ 03apr10/coronalhole_soho_blank.gif?PHPSESSID= 7rdbb91a85aujvfn9gf5smps55).
[10] 2. Vx and IMF Bz recorded on board the satellite ACE (http://www.srl.caltech.edu/ACE/ASC/browse/view_ browse_data.html), in order to know the convection Ey electric field.
[11] 3. Magnetic indices Dst, AU and AL from Data Analysis Center for Geomagnetism and Space Magnetism Graduate School of Science, Kyoto University website (http:// wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html), to approach magnetospheric and auroral electric currents.
[12] 4. Am magnetic indices to select magnetic quiet days [Mayaud, 1980; Menvielle et al., 2009] . The criterion for the selection of a magnetic quiet day is that the daily average 〈Am〉 is smaller than 20 nT. Table 1 gives the value of the Am index for the analyzed period.
[13] 5. Raw data of the Total Electron Content from the Helwan GPS SCINDA station.
[14] 6. Raw data of the Earth's magnetic field from the Aswan MAGDAS station.
[15] Table 2 gives the geographic and geomagnetic coordinates of the two ground level stations, of Helwan and Aswan, located in Egypt, which are part: the GPS SCINDA network and the MAGDAS network of magnetometers.
[16] The Scintillation Network and Decision Aid (SCINDA) is a network of ground based receivers that monitors scintillations at the UHF and L band frequencies caused by electron density irregularities in the equatorial ionosphere [Groves et al., 1997] .
[17] The PI of MAGnetic Data Acquisition System (MAGDAS) project due to Prof. K. Yumoto, (Space Environment Research Center, SERC, Kyushu University, Fukuoka, Japan) seeks to deploy around the world in a strategic fashion a new generation of tri-axial fluxgate magnetometers which transfer the digitized data to a central SERC server in real-time for space weather study and application during the IHY period (2007) (2008) (2009) ). The strategy is to put the magnetometers in well-defined "bands" on the globe that are useful for scientific exploration [Maeda and Yumoto, 2009 ].
Data Processing
[18] To analyze this event we calculate secondary parameters from the primary ones listed above:
[19] 1. The convection electric field
[20] 2. The mean averaged quiet TEC: 〈TEC〉computed as the mean arithmetic value of the most magnetic quietest days of April 2010 ( Table 3 gives the Am value of the quietest days of April)〈vTECquiet〉 = 1 n P n i¼1 vTECquiet ð Þ i, where i equal 1,…6: there is no data on 30 April.
[21] 3. The mean averaged quiet DH component of the Earth's magnetic field at Aswan, computed as the mean [22] 4. The ionospheric electric current disturbance Diono. The observed DH variation is the sum of 2 terms: DH = S r + D.
[23] S R is the daily regular variation of the Earth's magnetic field due to the regular electric current associated with winds driven by the solar heating and D is the disturbed variation due to the electric currents generated by disturbances. The irregular component D of the magnetic field is the sum of the effects of various current systems of the Earth's environment [Cole, 1966; Fukushima and Kamide, 1973] :
Diono is the magnetic effects of the disturbed ionospheric electric current systems flowing mainly in the E region and generated by disturbance processes: the direct penetration of the magnetospheric convection electric field and the ionospheric disturbance dynamo;
[24] DG stands for the effects of induced currents which have similar variations than the external current with a smaller amplitude $qq% [Sabaka et al., 2004] . In a first approach we neglect them.
[25] DCF and DT are the Chapman Ferraro currents and tail currents. During the recovery phase, the ring current DR is the stronger one and we can neglect the disturbance of the Chapman Ferraro currents (DCF) and tail current (DT).
[26] Therefore, during the recovery phase D reduces to D = DR + Diono.
[27] DR is the disturbance mainly due to ring current, we can estimate DR by using the Dst magnetic index: DR = Dst. cos(l), where l is the co-latitude (90 -geographic latitude) of the station.
[28] Diono is composed of several terms: Diono = DP 2 + D dyn + DP 1.
[29] DP 2 is the equivalent current system related to the prompt penetration of the magnetospheric convection electric field [Nishida, 1968] , D dyn is the equivalent current system related to the ionospheric disturbance dynamo process Amory-Mazaudier, 2005, 2008] and DP 1 is the equivalent current system related to substorm event acting on the nightside [Rostoker, 1969] .
[30] Following all these considerations: The DH component expression becomes D, and the magnetic disturbance Diono is Diono = H À Dst * cos(l) À S R .
[31] To evaluate the regular variation S R we used the quietest days of the month:
3. Data Analysis, Results and Discussion 3.1. Data Analysis [32] In this paper we present the low latitudes ionospheric and geomagnetic effects of the storm on 5 April 2010 related to the shock associated with the coronal mass ejection of 3 April 2010. The SSC was detected near the Earth on 5 April 2010 at 08.25. The CME was followed by high speed solar wind streams flowing from a solar coronal hole observed with the SOHO satellite from 3 to 10 April. This coronal hole is shown in Figure 1 . We analyze the period from 3 to 10 April including the magnetic quiet period preceding the storm, the whole recovery phase of the storm and the magnetic quiet period following the storm.
[33] Figure 2 illustrates the time variation of the solar wind, interplanetary magnetic field and geomagnetic indices during the selected period. Figure 2 is composed of four panels: the x component of the solar wind Vx with a time resolution of 1 min (Figure 2a ), the z component of the interplanetary magnetic field Bz with a time minute of 5 min (Figure 2b) . Figures 2c and 2d are devoted respectively to the Dst magnetic index (Figure 2c ) and AU and AL indices. The time resolution is one minute for all these magnetic indices.
[34] On 5 April, Vx (Figure 2a ) increased from 500 km/s to 700 km/sec at the time of the SSC and reached the maximum value at 800 km/sec on 13:00 UT. It remained at 600 km/sec (on the average) from 6 to 8 April 2010. Vx started to decrease around 18:00 UT on 8 April 2010, to reach 450 km/s on 9 April around 12:00UT, and increased again until 500 km/s at around 00:00 UT on 10 April 2010.
[35] The IMF Bz (Figure 2b ) turned southward at around 08:26 UT on 5 April and reached the maximum value of À19 nT. It remained negative for several hours until 10:30UT on 5 April 2010, except for several northward excursions until 11:00 UT on 5 April 2010. IMF Bz turned southward again around 11:00 UT and remained negative for one day (long time duration) on 6 April 2010, except a round 13:00UT: it exhibits a northward peak. IMF Bz returned to its values before the storm at 03:00UT on 7 April 2010.
[36] The Dst index (Figure 2c ) increased strongly from À10nT to 35 nT at the time of SSC. Then it decreased and had two negative peaks excursions of the same amplitude À50 nT around 11:00 and at14:00 UT during the main phase of the storm on 5 April 2010. The Dst reached the minimum value of À100nT around 12:00 UT on 6 April 2010. Dst returned to its values before the storm on 10 April 2010 around 03.00UT.
[37] AU and AL indices (Figure 2d [38] At the SSC time, the increase of the solar wind component V from 500 km/s to 800 km/s (Figure 2a ) is associated to an increase of the southward IMF Bz component (19 nT) (Figure 2b) . At the SSC time we can also observe the increase of Dst amplitude which reached $35nT, followed by a decrease $ À50nT (Figure 2c ) and increases of AL and AU indices. All these observations are the effects of the shock associated with the coronal mass ejection of 3 April 2010 which reached the Earth on 5 April 2010 [Möstl et al., 2010] .
[39] The image of SOHO Extreme UV Telescope, Space weather Web site predicted "a solar wind stream indicating a coronal hole that should reach Earth on 6-7 April" (http:// spaceweather.com/archive.php?view=1&day=06&month= 04&year=2010 updated on 23 November 2011.)
[40] On 6 April, the increase of the southward component of the IMF Bz, reaching À5 nT (Figure 2b ) during one day, is associated to a decrease of the Dst $ À80 nT and disturbed values of AL and AU indices.
[41] Figure 3 illustrates the time variation of the ionospheric and magnetic data during the quiet magnetic period and geomagnetic storm from 3 to 10 April 2010. From top to bottom are drawn the vTEC (Figure 3a) , the magnetic variations (Figure 3b ), the ionospheric disturbance Diono (Figure 3c ) and the convection electric field (Figure 3d ).
[42] Figure 3a shows the time variation of the vTEC component observed (full lines) superimposed to the vTEC quiet reference based on the very quietest magnetic days of April 2010 〈vTECquiet〉. We can note that on the magnetic quiet days of 3-10 April (see Table 2 ), the vTEC observed and the 〈vTECquiet〉matched very well: they reached the maximum value of 30 tecu around 12.00 UT. During the initial phase, on 5 April, vTEC observed is higher than the 〈vTECquiet〉, 25% more. The vTEC observed reached the maximum value of 40 tecu on 5 April 2010. During the recovery phase 6-7 April, vTEC observed is lower than 〈vTECquiet〉, 25% less. The observed vTEC reached the values 20 tecu compare to 30 tecu for the 〈vTECquiet〉. At the end of the recovery phase, vTEC observed on 8, 9, and 10 April exhibits roughly the same amplitude as the 〈vTECquiet〉, except at 12:00UT on 9 April.
[43] In Figure 3b , the DH component of the Earth's magnetic field measured at Aswan (full line) is superimposed on the quiet reference level 〈DHquiet〉 (dashed line), and the dashed line exhibits the well-known regular pattern of the Sq for a station located below the focus in the northern hemisphere. We can note that on the quiet days 3 and 10 April, the observed DH and the average 〈DHquiet〉 matched very well. They reached the maximum values of 80nT. We must recall here that we used the raw data of the MAGDAS network. It is clear that the real DH is around 30 nT if we withdraw the midnight zero level around 50nT, in the following we will use the raw data. On 4 April 2010, the day before the storm the observed DH is higher than the 〈DHquiet〉, 40% more. During the initial phase of the storm, on 5 April, DH reached the maximum value of 105 nT at 08:26 UT, and then suddenly decreases to a value of À15 nT at 10:00 UT, to increase again and reach the value of 85 nT during 3 h only from 08:26 UT to 12:00UT. During the recovery phase 6-7 April, we can observe the reversal of the observed DH compare to regular Sq pattern 〈DHquiet〉. In order to understand the ionospheric electric current disturbance Diono we need to extract from the observed DΗ the effect of the magnetospheric current and of the regular current S R (see the paragraph data processing).
[44] Figure 3c illustrates the time variation of Diono deduced from the observed DH. Diono exhibits an irregular pattern with different minima on the dayside with superimposed oscillations or 1 or 2 h. We must recall here that in this case DΗ the correction of the night zero level is made though the computation (see data processing). During the recovery phase, on 6, 7, and 8 April the amplitude of the minima are respectively À85nT, À45nT and À25nT. All these minima occurred at 11:30 UT, 11:00 UT and 11:30 UT respectively. In Figure 3d , during the initial phase of the storm on 5 April 2010, IEF (ÀV x Â B z ) reached the maximum value 10,000 mV/M at around 08:26 UT and minimum value À15,000 mV/M at around 12:00UT.
Results and Discussion
[45] In Figure 3 , 3 and 10 April 2010 are magnetic quiet days (Figure 3 ). On these days the observed vTEC follows very well the mean 〈vTECquiet〉 and the observed DΗ follows also the mean 〈DHquiet〉.
[46] On 4 April, before the shock event of 5 April, the DH variation exhibits the regular Sq pattern with a very strong amplitude, this observation prior to the CME impact cannot be interpreted as due to the CME. This large variation can be explained by atmospheric sources.
[47] The CME impacts the Earth on 5 April at 08.25. During the beginning of the main phase of the storm, from 08.25 to 12.00, the Bz is southward. The AU and Al exhibit maxima (500nT and 2000nT). We can observe an increase of the interplanetary electric field (IEF) associated with an increase in TEC and Diono at low latitudes. These observations can be interpreted as the effect of the prompt penetration of magnetospheric convection electric field [Vasyliunas, 1970] . Indeed this physical process affects simultaneously high and low latitudes When Bz is northward at 12.00, we can observe a strong decrease of the TEC and DH. But at that time another physical process, the ionospheric disturbance dynamo [Blanc and Richmond, 1980] can also be invoked to explain the observations. Indeed, several hours is the time delay needed by the ionospheric disturbance dynamo to reach low latitudes. Many observations of the ionospheric disturbance dynamo were made before this study.
[48] At low latitudes the electric fields play a key role in the dynamics of the ionosphere, in our case it causes the positive ionospheric storm in the initial phase, whereas neutral winds and composition also play an important role at low latitudes after several hours [Fejer et al., 1983; Sastri, 1988; Yizengaw et al., 2005] . During the main phase, a combination of two mechanisms could be responsible for this observed positive phase.
[49] An eastward electric field will cause increases in the midlatitude ionospheric electron density by moving the plasma particles upward, and decreases in the equatorial ionospheric electron density by strengthening the fountain effect [Yizengaw et al., 2005] . The daytime poleward wind was reduced or even reversed during the storm, which may also contribute to the occurrence of the positive storm. The eastward prompt-penetration electric field associated with the southward IMF Bz at around 13:30 UT increases the regular daytime eastward dynamo electric field .Thus, it is clear that the peaks and crests of ionization are related to the changes in the interplanetary and geomagnetic conditions on 5 April. This implies that the storm on 5 April has a very strong effect on the ionospheric response over the Egypt.
[50] On 6 April 2010, there is long time duration of southward Bz (Figure 2b) , westward IEF (Figure 3d ), and strong westward electrojet (Figure 2d ) . We observed a TEC and Diono (Figures 3a and 3c ) smaller than the regular mean value, this was previously found by Vijayakrishnan et al. [2008] who observed a decrease of foF2 as due to a westward electric field related to a southward Bz. On 6 April, both prompt penetration of electric fields and ionospheric disturbance dynamo are acting at low latitude. Buonsanto [1999] and Pi et al. [2000] studied the prompt penetration of the magnetospheric convection with the radar chain at 75 W in a number of experiments.
[51] During the recovery phase we observed always the same feature, three minima of Diono (Figure 3c ) on 6, 7, and 8 April. This is the signature of the ionospheric disturbance dynamo [Blanc and Richmond, 1980 ] which causes at low latitudes a reverse Sq current system and the depletion of vTEC . The perturbation of Diono main pattern is related to the DP2 current system [Nishida, 1968] and Ddyn [Le Huy and Amory -Mazaudier, 2005] . We can see the superposition of DP2 (oscillations of 1 or 2 h) and Ddyn: a strong minimum around 12.00. It is the first time that we can observe several days of the ionospheric disturbance dynamo effect at low latitudes, associated to high speed solar wind streams generated by a coronal hole.
[52] Danilov and Lastovicka [2001] , Vijayakrishnan et al. [2008] , and Yizengaw et al. [2005] observed the signature of the electric field on vTEC due to the storm wind generated by the Joule heating: they found a negative effect of the ionospheric storm especially during the storm recovery phase.
Conclusion
[53] 1. The GPS TEC measurements from Helwan station shows that the very severe magnetic storm created both enhancement and depletion of TEC relative to quiet time variation, i.e., both positive phases and negative of the storm, respectively, followed by a strong nighttime enhancement (Figure 3a ).
[54] 2. The most dominant effect on the magnetoionospheric disturbance is the ionospheric dynamo during this event.
[55] 3. The positive phase of the ionospheric storm appears after 3 h as a response to the magnetic storm.
[56] 4. During spring season, the penetration electric field and ionospheric dynamo combine to cause a positive phase corresponding to the main phase of the storm.
[57] 5. The negative phase is due to the day time ionospheric dynamo during the effect of the long period of coronal hole and Bz south corresponding to the recovery phase of the storm.
[58] 6. Clearly, pre-reversal (night enhancement) phenomena were observed at sunset.
[59] 7. On 4 April 2010 (Am = 25), we cannot explain the peak of the daily H magnetic component. It is increasing more than that of mean value of most quiet H. The source phenomena is probably atmospheric.
[60] 8. Efforts must be concentrated on the ionospheric disturbance dynamo magnetic signature at equatorial and low latitudes in order to better understand the circulation of the various currents generated during this type of long period geomagnetic storms.
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